Introduction
============

The cryptophyte algae (= cryptomonads) are an evolutionarily distinct and ecologically important unicellular eukaryotic lineage inhabiting marine, brackish water, and freshwater environments ([@evx123-B29]; [@evx123-B72]). Cryptophytes are mostly photosynthetic with plastids that contain chlorophyll-*a* and *-c*, as well as phycobilins as accessary pigments. They are comprised of brown-, red-, or blue-green-colored photosynthetic groups ([@evx123-B33]; [@evx123-B17]; [@evx123-B36]), colorless nonphotosynthetic groups including *Cryptomonas paramecium* with a secondarily reduced plastid genome ([@evx123-B19]), and heterotrophic *Goniomonas* species that lack plastids ([@evx123-B58]; [@evx123-B34]; [@evx123-B35]; [@evx123-B84]; [@evx123-B36]).

Cryptophyte plastids are bounded by two inner and two outer envelope membranes. The outermost membrane is continuous with the endoplasmic reticulum (i.e., chloroplast ER; CER), which is connected to the outer membrane of the nuclear envelope. The nucleomorph, the remnant nucleus derived from the red algal progenitor of the cryptophyte plastid, is located between the two pairs of inner and outer plastid membranes ([@evx123-B26]; [@evx123-B1]; [@evx123-B12]). Cryptophyte cells contain four genomes: host-derived nuclear and mitochondrial genomes, and plastid and nucleomorph genomes of red algal endosymbiotic origin. Given this unusual feature, cryptophytes provide direct evidence of secondary endosymbiotic events occurring between phagotrophic and photoautotrophic eukaryotes ([@evx123-B21]; [@evx123-B57]), a process that presumably occurred in several other protist lineages (e.g., euglenoids, chlorarachniophytes; [@evx123-B5]; [@evx123-B18]).

To date, the plastid genomes of three photosynthetic cryptophytes ([@evx123-B20]; [@evx123-B45]; [@evx123-B47]), and one colorless cryptophyte ([@evx123-B19]) have been reported. The overall organization of these genomes is conserved and comprises a large single copy region (LSC), a small single copy region (SSC), and two inverted repeats (IR) with ribosomal RNA operons. The plastid genomes of cryptophytes range in size from ∼77 kilobase pairs (Kbp) in the colorless, nonphotosynthetic cryptophyte *Cryptomonas paramecium* to ∼135 Kbp in the phototrophs, and have a rich gene content (177--180 genes). These numbers are comparable to the plastid genomes of the chorophyll-*c* containing haptophytes (144 genes) and stramenopiles (137--197 genes) but less than the gene-rich red algae (232--251 genes) (Lee et al. 2016). Introns are rare in cryptophyte plastid genomes, with reports of an intron in the *psb*N and *gro*EL genes in the genus *Rhodomonas* ([@evx123-B54]; [@evx123-B45]).

Here we present complete plastid genome sequences from the blue-green colored cryptophytes *Chroomonas placoidea* and *Ch. mesostigmatica*, the brown colored *Cyptomonas curvata*, and the red colored *Storeatula* sp. CCMP 1868. We carried out a detailed analysis of their genome structures and coding capacities relative to four published cryptophyte plastid genome sequences (*Cryptomonas paramecium, Guillardia theta, Rhodomonas salina*, and *Teleaulax amphioxeia*). Furthermore, to better understand the phylogenetic relationships and evolutionary history of algae with red alga-derived plastids, we reconstructed a phylogenetic tree using 88 protein coding genes from the currently available plastid genome data from a total of 56 species including 8 cryptophytes, 5 haptophytes, 20 stramenopiles, 2 alveolates, and 14 red algae. We also investigated the extent to which the phylogeny of plastid genes is congruent with those previously inferred from nuclear genes. Our results highlight both conserved and variable features of plastid genomes amongst the cryptophyte algae. Whereas genome architecture and gene composition are generally conserved, several examples of gene loss and intron gain were identified. Our results provide important general insights into the evolutionary history of organelle genomes and a more fine-scale understanding of cryptophyte evolution.

Materials and Methods
=====================

DNA Isolation and Sequencing
----------------------------

Cultures of *Chroomonas placoidea* CCAP 978/8*, Ch. mesostigmatica* CCMP 1168 and *Storeatula* sp. CCMP 1868 were obtained from the Culture Collection of Algae and Protozoa (CCAP) and the National Center for Marine Algae and Microbiota (NCMA), respectively. *Cryptomonas curvata* was collected from Cheongyang Pond, Cheongyang, Korea (36° 30′ N, 126° 47′ E), established as a clonal culture and available strain FBCC300012D (= strain CNUKR) from the Freshwater Bioresources Culture Collection at the Nakdong-Gang National Institute of Biological Resources, Korea. All cultures were grown in AF-6 medium ([@evx123-B87]) with distilled water for the freshwater strain (*Cryptomonas curvata*) or distilled seawater for marine strains, and were maintained at 20 °C under conditions of a 14:10 light:dark cycle with 30 µmol photons·m^−2^ s^−1^ from cool white fluorescent tubes. All cultures were derived from a single-cell isolate for unialgal cultivation and genomic DNA extraction and sequencing. For *Ch. placoidea* and *Storeatula* sp. CCMP 1868, DNA was extracted using the QIAGEN DNEasy Blood Mini Kit (QIAGEN, Valencia, CA) following the manufacturer's instructions, and next-generation sequencing (NGS) was carried out using the Ion Torrent PGM platform (ThermoFisher Scientific, San Francisco, CA) in the lab of Sungkyunkwan University. Sequencing libraries were prepared using the Ion Xpress Plus gDNA Fragment Library Preparation Kit for 200- or 400-bp-sized sequencing library preparation and the Ion OneTouch 200 or 400 Template Kit (ThermoFisher Scientific, San Francisco, CA) according to the manufacturer's protocol. The genomes were sequenced on an Ion Torrent Personal Genome Machine (PGM) using the Ion PGM sequencing 200 or 400 Kit (ThermoFisher Scientific, San Francisco, CA). For *Ch. mesostigmatica*, DNA extraction was carried out as described in [@evx123-B60]; the plastid genome was sequenced using a combination of 454 pyrosequencing (GS FLX titanium reagents) and Illumina (GAIIx) technologies.

Genome Assembly and Annotation
------------------------------

Plastid genome assemblies and annotations followed procedures used by [@evx123-B75]. The data were trimmed (i.e., base = 80 bp, error threshold = 0.05, *n* ambiguities = 2) prior to de novo assembly with the default option (automatic bubble size, minimum contig length =1,000 bp). The raw reads were assembled using the MIRA4 (<http://mira-assembler.sourceforge.net/docs/DefinitiveGuideToMIRA.html>) and SPAdes 3.7 (<http://bioinf.spbau.ru/spades>) assembler. Raw reads were then mapped to the assembly contigs (similarity = 95%, length fraction = 75%), and regions with no evidence of short-read data were removed (up to 1,000 bp). The assembled contigs were determined to correspond to the plastid genome according to several criteria: 1) BLAST searches of commonly known plastid genes against the entire assembly resulted in hits to these contigs and 2) a genome size consistent with other photosynthetic cryptophyte plastid genomes, which range from 121 Kbp (*Guillardia theta* NC000926) to 136 Kbp (*Rhodomonas salina* NC009573). Plastid genome-derived contigs were then manually aligned in the Genetic Data Environment (MacGDE2.5) program ([@evx123-B74]) to produce a consensus sequence.

A database of protein coding genes, rRNA, and tRNA genes was created using all previously sequenced cryptophyte plastid genomes. Preliminary annotation of protein coding genes was performed using GeneMarkS (<http://opal.biology.gatech.edu/genemarks.cgi>). The final annotation file was checked in Geneious Pro 9.1.3 (<http://www.geneious.com/>) using the ORF Finder with genetic code 11 (Bacterial, Archaeal and Plant Plastid Code). The predicted ORFs were checked manually and the corresponding ORFs (and predicted functional domains) in the genome sequence were annotated.

To identify tRNA sequences, the plastid genome was submitted to the tRNAscan-SE version 1.21 server (<http://lowelab.ucsc.edu/tRNAscan-SE/>). The genome was searched with the default settings using the "Mito/Chloroplast" model. To identify rRNA sequences, a set of known plastid rRNA sequences was extracted from the published plastid genomes of cryptophytes and used as a query sequence to search in the new genome data using BLASTn. We used RNAweasel (<http://megasun.bch.umontreal.ca/cgi-bin/RNAweasel/RNAweaselInterface.pl>) to determine the types of introns that were present. Physical maps were designed with the OrganellarGenomeDRAW program (<http://ogdraw.mpimp-golm.mpg.de/>).

Gene Arrangement Comparisons
----------------------------

Four published cryptophyte plastid genome sequences (*Cryptomonas paramecium* CCAP 977/2a, [@evx123-B19]; *Guilardia theta* CCMP 2712, [@evx123-B20]; *Rhodomonas salina* CCMP 1319, [@evx123-B45]; *Teleaulax amphioxeia* HACCP CR01, [@evx123-B47]) were downloaded from GenBank. An additional plastid genome is available from GenBank under the name of *Guillardia theta* CCMP 2712 (KT428890, [@evx123-B81]), however, the gene sequences are very different from those of the previously reported *G. theta* CCMP 2712 ([@evx123-B20]; [@evx123-B12]). Therefore, we did not include this genome in our study. For structural and synteny comparisons, the genomes were aligned using Mauve Genome Alignment version 2.2.0 ([@evx123-B14]) with default settings. To aid in visualization, we arbitrarily designated the beginning of the *trn*Y gene marker to *rpl*19 direction as position 1 in each genome.

Phylogenetic Analysis
---------------------

Phylogenetic analyses were carried out on data sets created by combining 88 proteins encoded by 56 plastid genomes, including those of 8 cryptophytes, 5 haptophytes, 20 stramenopiles, 2 alveolates, and 14 red algae ([supplementary table S1](#sup14){ref-type="supplementary-material"}, Supplementary Material online). The sequences of six Viridiplantae and one glaucophyte species were used as outgroup taxa to root the tree. The data were concatenated (16,878 amino acid sequences) and manually aligned using MacGDE2.5 ([@evx123-B74]). For the RNA operon (16S-*trn*I-*trn*A-23S rDNA) phylogeny, the data were concatenated into 4,046 nucleotides from plastid genome sequences in 38 taxa including 8 cryptophytes, 5 haptophytes, 1 rappemonad, 13 stramenopiles, 12 rhodophytes, and 16 outgroup taxa including 2 glaucophytes, 9 chlorophytes, and 5 cyanobacteria.

Maximum likelihood (ML) phylogenetic analyses were conducted using RAxML version 8.0.0 ([@evx123-B76]) with the Le and Gascuel gamma (LG + GAMMA) model ([@evx123-B49]) for amino acid data chosen by ProtTest 3 ([@evx123-B15]) and the general time-reversible plus gamma (GTR + GAMMA) model for nucleotide data. We used 1,000 independent tree inferences using the -\# option to identify the best tree. The model parameters with gamma correction values and the proportion of invariable sites in the combined data set were obtained automatically by the program. ML bootstrap support values (MLB) were calculated using 1,000 replicates with the same substitution model. To reduce calculation time, ML phylogenetic trees for lineage-specific genes were inferred using IQ-TREE Ver. 1.5.2 ([@evx123-B63]) with 1,000 bootstrap replications (e.g., [supplementary figs. S2](#sup2){ref-type="supplementary-material"}--S12, Supplementary Material online). Evolutionary models for each tree were automatically selected by the --m LG + I+G option incorporated in IQ-TREE.

Bayesian analyses were run using MrBayes 3.2.6 ([@evx123-B69]) with a random starting tree, two simultaneous runs (nruns = 2) and four Metropolis-coupled Markov chain Monte Carlo (MC^3^) algorithms for 2×10^6^ generations, with one tree retained every 1,000 generations (e.g., [supplementary fig. S13](#sup13){ref-type="supplementary-material"}, Supplementary Material online). The burn-in point was identified graphically by tracking the likelihoods (Tracer v.1.6; <http://tree.bio.ed.ac.uk/software/tracer/>). The first 500 trees were discarded, and the remaining 1,501 trees were used to calculate the posterior probabilities (PP) for each clade. Additionally, the "sump" command in MrBayes was used to confirm convergence. This analysis was repeated twice independently; identical topologies were obtained. Trees were visualized using FigTree v.1.4.2 (<http://tree.bio.ed.ac.uk/software/figtree/>).

Results and Discussion
======================

General Features of Cryptophyte Plastid Genomes
-----------------------------------------------

Four new plastid genomes (ptDNA) were sequenced from representatives of three groups of differentially colored cryptophyte algae: red *Storeatula*, blue-green *Chroomonas*, and brown-colored *Cryptomonas* species ([table 1](#evx123-T1){ref-type="table"}). These ptDNAs were then compared with previously reported data from three red-colored cryptophytes, *Guillardia*, *Teleaulax*, *Rhodomonas*, and the colorless *Cryptomonas paramecium* (which has a secondarily reduced plastid genome). The plastid genome sizes of the cryptophyte algae ranged from ∼77 Kbp (*Cr. paramecium*) to ∼141 Kbp (*Storeatula* sp. CCMP 1868). The overall GC content ranged from 32% to 38.1%, similar to those of other chromists and red algae ([@evx123-B48]; [@evx123-B20]; [@evx123-B65]; [@evx123-B70]). Photosynthetic cryptophyte plastid genomes shared a core set of 143 protein-coding genes, 3 rRNAs, and 30 tRNAs. All cryptophyte plastid genomes encode inverted repeat (IR) regions with 2 rRNA operons and 44 ribosomal genes, except for the loss of 1 rRNA operon and the *rps*6 and *rpl*32 genes in the colorless *Cr. paramecium* ([@evx123-B19]). Percentages of intergenic sequences in the ptDNAs ranged from 20.3% (*Storeatula* sp. CCMP 1868) to 12.2% (*G. theta*). Minimal variation was found in the tRNA gene content. However, *trn*L(CAA) appears to be absent in *Storeatula* sp., whereas *Ch. placoidea* and *Ch. mesostigmatica* have a unique isotype *trn*V(GAC) (see [table 2](#evx123-T2){ref-type="table"}). Table 1Characteristics of Cryptophyte Plastid Genomes Analyzed in This StudyGeneral Characteristics*Guilardia theta* CCMP 2712*Teleaulax amphioxeia* HACCP CR01*Rhodomonas salina* CCMP1319*Storeatula* species CCMP1868*Chroomonas placoidea* CCAP978/8*Chroomonas mesostigmatica* CCMP 1168*Cryptomonas curvata* FBCC300012D*Cryptomonas paramecium* CCAP977/2aPlastid colorRedRedRedRedGreenGreenBrownColorlessSize (bp)121,524129,774135,854140,953139,432139,403128,28577,717G+C (%)33.0%34.2%34.8%32.0%35.8%35.8%35.3%38.1%Intergenic space (%)14,792 (12.2%)20,108 (15.5%)23,767 (17.5%)28,638 (20.3%)27,796 (19.9%)25289 (18.1%)20,442 (15.9%)9,917 (12.8%)Total gene (include RNAs)183179183187186189184114No. of protein-coding genes14714314614914915014782Unknown ORFs1 (orf91, orf555, orf147, orf164/orf3352 (orf77=orf282, ycf20)451Ribosomal proteins4444444444444442LIPOR gene----chlB ^a^, chlL ^a^, chlN ^a^chlB, chlL, chlN,chlB ^a^, chlL ^a^, chlN ^a^,chlB ^a^, chlL ^a^, chlN ^a^,chlB, chlN, chlL--tRNAs3030313032323129rRNA operons22222221Introns----14441--Type----Group IIGroup IIGroup IIGroup IIGroup IIGene with intronpsbNgroEL/ftrB/orf27/ psbNgroEL/minD/ petG/psbNgroEL/ minD/petG/psbNpsbNPseudogene--------------atpFMissing--------dnaB, dnaX, ycf26dnaB, dnaX, ycf26dnaB, dnaX, ycf26pet, psa, psbGenBank accessionNC000926NC027589NC009573**KY856940KY856941KY860574KY856939**NC013703[^1]Table 2tRNAs Present in Cryptophyte Plastid GenomestrnA (TGC)trnC (GCA)trnD (GTC)trnE (TTC)trnF (GAA)trnG (GCC)trcG (TCC)trnH (GTG)trnI (GAT)trnK (TTT)trnL (CAA)trnL (TAA)trnL (TAG)trnfM (CAT)trnM (CAT)trnN (GTT)trnP (TGG)trnQ (TTG)trnR (ACG)trnR (CCG)trnR (TCT)trnS (GCT)trnS (GGA)trnS (TGA)trnT (TGT)trnV (GAC)trnV (TAC)trnW (CCA)trnY (GTA)Total*Rhodomonas salina*CCMP13192111111121111311111211111131*Guillardia theta*CCMP271221111111311111211111111111130*Teleaulax amphioxeia*HACCP-CR012111111121111311111111111130*Storeatula* sp.CCMP18682111111121113111111111111130*Chroomonas mesostigmatica*CCMP1168211111112111131111111111111132*Chroomonas placoidea*CCAP978/8211111112111131111111111111132*Cryptomonas curvata*FBCC300012D21111111211113111111111111131*Cryptomonas paramecium*CCAP977/2a11111111111113111111111111129

Highly Conserved Cryptophyte Plastid Genome Structure
-----------------------------------------------------

The four newly determined plastid genomes showed a high degree of structural conservation when compared with the representative species, *Cryptomonas curvata* FBCC300012D ([fig. 1](#evx123-F1){ref-type="fig"}). Gene order among the photosynthetic cryptophyte ptDNAs was constrained. The most obvious feature in this regard was the regions of ribosomal protein genes and the *rpo* and *atp* gene clusters that were identical among all compared cryptophyte genomes. Based on the Mauve pairwise genome alignment analysis, additional regions of synteny were detected; gene order was found to be essentially identical amongst all cryptophytes, including the genome of the colorless *Cr. paramecium*, which has undergone numerous gene losses ([fig. 2](#evx123-F2){ref-type="fig"} and [supplementary fig. S1](#sup1){ref-type="supplementary-material"}, Supplementary Material online).

![---Circular map of the plastid genome of *Cryptomonas curvata* FBC300012D showing nine syntenic regions. (*A*) The gene content and arrangement of the photosynthetic cryptophyte genomes are identical with the exception of the nine syntenic regions shown as (*A--I*). The protein coding genes, rRNA and tRNA genes are labeled inside or outside of the circle. The genes are color-coded according to the functional categories in the index. (*B*) Linear form of the nine syntenic regions indicates the lineage-specific gene losses and intron insertions among cryptophytes.](evx123f1){#evx123-F1}

![---Distribution of 11 patchily distributed genes in the major photosynthetic eukaryotic groups. These genes show outright gene losses, pseudogenes, and intron insertions. The cladogram was built using a concatenated data set of 88 plastid genes ([fig. 3](#evx123-F3){ref-type="fig"} and [supplementary table S1](#sup14){ref-type="supplementary-material"}, Supplementary Material online). The 11 target genes are color-coded: purple = three LIPOR genes, yellow = *dna*X gene, and dark blue = *dna*K, *gro*EL, *fts*H, *min*D/E, *hlp*A, and *dna*B genes. The open white circles indicate gene absence in plastid genomes.](evx123f2){#evx123-F2}

Distribution of Gene Losses, Pseudogenes, and Intron Insertions in Photosynthetic Eukaryotes
--------------------------------------------------------------------------------------------

Although the plastid genomes of cryptophytes are highly conserved in structure and content, nine variable syntenic regions were identified ([fig. 1](#evx123-F1){ref-type="fig"}). Among these regions, gene losses, pseudogenes, and intron insertions were found, particularly in 11 genes (*dna*B, *dna*X, *dna*K, *gro*EL, *hlp*A, *min*D, *min*E, and *fts*H) within the cryptophyte species ([fig. 2](#evx123-F2){ref-type="fig"}). To extend the distribution of these genes, we surveyed the plastid genomes of major photosynthetic eukaryotic groups including primary (rhodophytes, glaucophytes, and Viridiplantae) and red algal derived secondary plastids (stramenopiles, alveolates, haptophytes, and cryptophytes) from GenBank. Presence/absence of these genes varies widely, suggesting that deletions involving these 11 genes occurred not only in cryptophytes, but also in other major photosynthetic eukaryotic groups. For instance, several pseudogenes within *min*D/E and *chl*B/L/N suggest an ongoing process of plastid gene loss.

### *dna*K and *gro*EL

The chaperone protein coding genes *dna*K (a member of the hsp70 family; [@evx123-B85]) and *gro*EL (the chaperonin family; [@evx123-B23]) were found in the plastid genomes of cryptophytes, haptophytes, stramenopiles, rhodophytes, and glaucophytes ([fig. 2](#evx123-F2){ref-type="fig"} and [supplementary figs. S2](#sup2){ref-type="supplementary-material"} and [S3](#sup3){ref-type="supplementary-material"}, Supplementary Material online). In contrast, these two genes are absent from the chloroplast genome of green algae and land plants and have been transferred to the nucleus via endosymbiotic gene transfer (EGT), with the evolution of one additional homolog (*cpn*60) ([fig. 2](#evx123-F2){ref-type="fig"} and [supplementary fig. S3](#sup3){ref-type="supplementary-material"}, Supplementary Material online). EGT or outright gene loss from the plastid genome is common among algae and plants. The nucleomorph genome of cryptophytes encodes a *cpn*60 homolog ([@evx123-B22]; [@evx123-B82]; [@evx123-B60]), a feature that is shared with the green algal derived nucleomorph genome of the chlorarachniophyte *Bigelowiella natans* ([@evx123-B27]).

The *gro*EL gene in cryptophytes contains group II introns in three strains of the genus *Rhodomonas* ([@evx123-B54]; [@evx123-B44]). These introns are inserted in three different locations in *Rhodomonas* sp. CCMP1178, *R. salina* Maier strain, and cryptophyte species CCMP2045, but three other *Rhodomonas* species, *R. salina* CCMP1319, *R. baltica* RCC350, and *Rhodomonas* sp. CCMP1170, lack the intron ([@evx123-B44]). We found similar results with different intron locations in other genera ([supplementary fig. S3](#sup3){ref-type="supplementary-material"}*C*, Supplementary Material online). The *gro*EL gene of the two blue-green-colored cryptophytes *Ch. placoidea* and *Ch. mesostigmatica* has a group II intron (with a reverse transcriptase gene) in the same position (after amino acid 41 of the *gro*EL gene) as that of *Rhodomonas* sp. CCMP1178, whereas *Storeatula* sp. CCMP 1868 has a group II intron (apparently ORF-free) in the same position (again, after amino acid 41 of *gro*EL). The ORFs of group II introns in *gro*EL showed sequence similarity with the N-terminal domain of putative reverse transcriptases ([supplementary fig. S3](#sup3){ref-type="supplementary-material"}*C*, Supplementary Material online, RVT_N, pfam13655) and shared similarity with an intron-encoded protein (IEP) in *mat*1a of the red alga *Bangiopsis subsimplex* ([supplementary fig. S4](#sup4){ref-type="supplementary-material"}, Supplementary Material online). With respect to the evolution of cryptophyte introns, it is noteworthy that the *gro*EL introns are distinct from one another, with or without ORFs and in different locations in various organisms including stramenopiles, rhodophytes, Viridiplantae, euglenophytes, cyanobacteria, and bacteria ([@evx123-B44]; this study), suggesting multiple independent origins.

### *fts*H

The *fts*H gene encodes a AAA metalloprotease that degrades membrane-bound proteins ([@evx123-B11]; [@evx123-B53]). With the exception of glaucophytes, *fts*H is present in most plastid genomes; i.e., rhodophytes, stramenopiles, haptophytes, cryptophytes (except the colorless *Cryptomonas paramecium*, [figs. 1 and 2](#evx123-F1){ref-type="fig"}), and most green plant lineages (Prasinophyceae, Ulvophyceae, Trebouxiophyceae, Chlorophyceae, and Charophyceae). It is, however, absent in the plastid genomes of land plants (Embryophyta) ([@evx123-B55]), where *fts*H is encoded in the nuclear genome. This gene was likely transferred to the host nucleus from the plastid genome after the Charophyta--Embryophyta split ([@evx123-B16]).

### *min*D and *min*E

The *min* genes are required to prevent formation of DNA-less "minicells" during division. The *min*D and *min*E genes are present in several algal plastid genomes ([@evx123-B83]; [@evx123-B52]), but absent from most red algae, with the exception of *Galdieria sulphuraria* where it is a plastid-encoded pseudogene ([fig. 2](#evx123-F2){ref-type="fig"}; [@evx123-B40]). Interestingly, both protein-coding genes are located in the plastid genome of all photosynthetic cryptophytes ([fig. 1*D*](#evx123-F1){ref-type="fig"}), suggesting that plastid *min*D and *min*E were present in the red-algal derived endosymbiont. In cryptophytes, haptophytes and Viridiplantae, *min*D is encoded in the plastid genome, and *min*E is only found in cryptophytes and *Chlorella vulgaris* (sole case in green algae), as a remnant of the ancestral *min*CDE operon ([fig. 2](#evx123-F2){ref-type="fig"} and [supplementary figs. S5](#sup5){ref-type="supplementary-material"} and [S6](#sup6){ref-type="supplementary-material"}, Supplementary Material online). Both *min*D and E genes are missing in *Cryptomonas paramecium* ([@evx123-B19]). In other algal groups, with the exception of cryptophytes and haptophytes, the distribution pattern of *min*D suggests this gene was transferred to the nuclear genome on independent occasions in the ancestors of algae with red algal-derived plastids, similar to the situation in green algae and land plants ([@evx123-B59]). However, *min*E has thus far not been found in plant or most algal nuclear genomes, implying that its function has been replaced or lost. The plastid-encoded *min*D gene with an intron is present in two blue-green-colored cryptophytes *Chroomonas placoidea* and *Ch. mesostigmatica* ([fig. 1*D*](#evx123-F1){ref-type="fig"}). These *Chroomonas min*D intron sequences show 72% nucleotide similarity (*e* value = 2e-47) to the *gro*EL intron of *Rhodomonas* sp. CCMP1178 (GenBank EU305621), suggesting a common origin.

### *hlp*A

The *hlp*A gene (encoding a chromatin associated architectural protein) behaves as a functional homolog of *E. coli* DNA-binding ([@evx123-B30]) and DNA-packaging proteins (histone-protein DNA binding and -bending HU- and HMG1-like proteins). Among algae containing red-algal derived plastids, the gene is uniquely found in the plastid genomes of all photosynthetic cryptophytes ([figs. 1*H*](#evx123-F1){ref-type="fig"} and 2 and [supplementary fig. S7](#sup7){ref-type="supplementary-material"}, Supplementary Material online). This gene is also found in *Cyanidioschyzon merolae* and *Galdieria sulphuraria* as a *hup*A gene (Hu homologous), but not in *Cyanidium caldarium*. The apicomplexan *hlp*A gene is present in the nucleus ([@evx123-B32]; [@evx123-B64]; [@evx123-B66]). Given this distribution pattern, we postulate that the *hlp*A gene was most likely located in the plastid genome of the red algal progenitor.

### *dna*B

The *dna*B (a DNA helicase) gene is involved in organelle division ([@evx123-B20]; [@evx123-B65]) and found in the plastid genome of cryptophytes, stramenopiles, and nonflorideophycean red algae ([supplementary fig. S8](#sup8){ref-type="supplementary-material"}, Supplementary Material online). In cryptophytes, *dna*B was restricted to the red-colored *G. theta*, *T. amphioxeia*, *R. salina*, and *Storeatula* sp. CCMP 1868 ([figs. 1*A*](#evx123-F1){ref-type="fig"} and 2 and [supplementary fig. S8](#sup8){ref-type="supplementary-material"}, Supplementary Material online). In phylogenetic analyses, the red alga *Galdieria sulphuraria* (Cyanidiophyceae) diverged at the base of the algal *dna*B gene tree. The cryptophyte clade formed a sister group relationship with the red algal clade (i.e., Bangiophyceae and Porphyridiophyceae). In stramenopiles, *dna*B is present only in Bacillariophyceae (except *Synedra acus*), Phaeophyceae, Raphidophyceae, and Xanthophyceae, but absent in Pelagophyceae, Eustigmatophyceae, and Chrysophyceae ([fig. 2](#evx123-F2){ref-type="fig"}). The *dna*B gene is located in the plastid genome of *Cyanidium caldarium* and *Cyanidioschyzon merolae*, but the sequence similarity is very low, suggesting nonorthologous replacement of the gene (data not shown). Taken together, the *dna*B gene appears to have been present in the red algal common ancestor, but lost independently in many red-algal derived plastid genomes.

### *dna*X

The *dna*X gene encodes the tau/gamma components of bacterial DNA polymerase III ([@evx123-B8]; [@evx123-B13]). Considering all sequenced cryptophyte plastid genomes, we found that the *dna*X gene is restricted to the three red-colored cryptophytes, *T. amphioxeia, R. salina*, and *Storeatula* sp. CCMP 1868 ([fig. 2](#evx123-F2){ref-type="fig"}). A recent phylogenetic analysis ([@evx123-B47]) reported that the *dna*X gene was directly acquired from a bacterial lineage through horizontal gene transfer (HGT) (i.e., the donor is related to a termite symbiont, *Endomicrobium proavitum*, WP_052570901) in the ancestor of the red-colored *Storeatula/Rhodomonas/Teleaulax* lineage ([supplementary fig. S9](#sup9){ref-type="supplementary-material"}, Supplementary Material online).

### LIPOR

The light-independent (or "dark active") protochlorophyllide oxidoreductase (LIPOR) genes that are involved in the light-independent synthesis of chlorophyll ([@evx123-B73]) are present in some cryptophyte plastid genomes. LIPOR arose in anoxygenic photosynthetic bacteria, likely evolving from a nitrogenase ([@evx123-B25]; [@evx123-B62]). In extant cyanobacteria, both POR (light-dependent protochlorophyllide oxidoreductase) and LIPOR genes are present. In eukaryotic algae, the gene encoding POR appears to have been transferred to the host nucleus, whereas LIPOR genes remain in the plastid ([@evx123-B39]). However, the three LIPOR genes (*chl*B, *chl*L, and *chl*N) are not universally distributed in plastids and have been independently lost in many cases ([fig. 2](#evx123-F2){ref-type="fig"} and [supplementary fig. S8](#sup8){ref-type="supplementary-material"}, Supplementary Material online). In cryptophytes, these genes occur as pseudogenes (ΨchlB, ΨchlL, and ΨchlN) in *R. salina*, *Ch. placoidea*, and *Ch. mesostigmatica* ([@evx123-B45]; [@evx123-B24]; this study). However, we found putatively functional *chl*B, *chl*L, and *chl*N in *Cr. curvata*, and *Storeatula* sp. CCMP 1868 ([figs. 1*D* and *H*](#evx123-F1){ref-type="fig"} and 2). The discovery of LIPOR subunit genes in cryptophyte plastid genomes is an example of gene deletion in action: some cryptophyte species retain a full gene set (e.g., *Cr. curvata* and *Storeatula* sp. CCMP 1868), some species are in the process of losing these genes (e.g., *R. salina*, *Ch. placoidea*, and *Ch. mesostigmatica*), whereas others have completely lost them (e.g., *G. theta*, *T. amphioxeia*, and *Cr. paramecium*). Nuclear genome data could provide evidence of EGT and help explain cases of plastid gene loss.

### Intron Insertion

Ferredoxin thioreductase (*ftr*B), a photosynthetic regulator and electron transfer protein, is present in all photosynthetic cryptophyte plastid genomes ([fig. 1*G*](#evx123-F1){ref-type="fig"}). The *ftr*B gene of *Storeatula* sp. CCMP 1868 was unique in containing an intron (672 nt) ([fig. 1*G*](#evx123-F1){ref-type="fig"}). This intron nucleotide sequence showed no significant similarity to genes of other organisms, but showed 71.5% similarity (*e* value = 2.6e-13) to 189 nt of intron sequence in the *gro*EL gene of *Rhodomonas* sp. CCMP1178 (GenBank EU305621).

The *pet*G gene encodes cytochrome b6/f complex subunit V that mediates electron transfer between photosystem II and photosystem I; It is present in most algal plastid genomes; i.e., red-algal derived plastids (including photosynthetic cryptophytes), glaucophytes and green algae. Interestingly, *Chroomonas placoidea* and *Ch. mesostigmatica* (but not other cryptophytes) have a group II intron in their *pet*G gene ([fig. 1*H*](#evx123-F1){ref-type="fig"}) that shares high nucleotide similarity (*e* value = 7e-63) to maturase/reverse-transcriptase domains (cd01651, pfam01348). Furthermore, the IEP product shares sequence similarity with reverse transcriptases encoded in the genomes of firmicute bacteria and genes of fungi, rhodophytes, stramenopiles, and Viridiplantae as intergenic ORFs in mitochondrial genomes ([supplementary fig. S11](#sup11){ref-type="supplementary-material"}, Supplementary Material online). Interestingly, the IEPs in the *Ch. placoidea* and *Ch. mesostigmatica pet*G genes also appear closely related to ORFs in the plastid genes of green algae including *Pyramimonas parkeae* (*atp*B), *Stichococcus bacillaris* (*psb*B), *Caulerpa filiformis, Gloeotilopsis sarcinoidea* and *Tydemania expeditionis* (*psa*C) and *Netrium digitus* (*psb*E) ([supplementary fig. S11](#sup11){ref-type="supplementary-material"}, Supplementary Material online). Therefore, this "patchy" distribution of the *pet*G group II intron is suggestive of several independent HGT events in different genic regions from diverse organisms.

In most cryptophyte species, with the exception of *G. theta* and *T. amphioxeia*, a reverse transcriptase coding region was found in an intronic region in the *psb*N gene that encodes one of the smaller subunits of photosystem II ([fig. 1*I*](#evx123-F1){ref-type="fig"}; [@evx123-B45]; this study). Apart from cryptophytes, an intron-containing *psb*N gene has only been reported in the rhodophyte *Porphyridium purpureum* ([@evx123-B80]). This intron is a remnant (or "pseudo") ORF structure that has lost its IEP via sequence degeneration or excision ([@evx123-B67]). The *psb*N group II intron of cryptophytes is a unique feature among the red-algal derived plastids and shows strong similarity to the IEP-containing intron (*mat*1e in *psb*N) of the red alga *Bangiopsis subsimplex* (Lee et al. 2016, NC_031173). In our phylogenies, the reverse transcriptase gene within *psb*N grouped together with the *gro*EL intron of cryptophyte species CCMP2045 and appears to have been acquired via HGT in a common ancestor of the *Rhodomonas/Storeatula/Chroomonas/Cryptomonas* lineages ([supplementary fig. S12](#sup12){ref-type="supplementary-material"}, Supplementary Material online). Based on the predicted relationships between these organisms (see below), this would imply one or more secondary losses of the intron in the *psb*N genes of *Guillardia* and *Teleaulax*.

### Conserved Plastid ORFs

We found four conserved plastid ORFs in cryptophytes which showed lineage specific distributions. Of these, *orf*27 is located between the *psb*D and 16S rRNA genes of all cryptophytes (albeit, absent in the colorless *Cr. paramecium*), but only the *Storeatula* sp. CCMP1868 homolog contained a group II intron ([fig. 1*C*](#evx123-F1){ref-type="fig"}). Using BLASTn, this intron had 68% similarity (*e* value = 2e-15) over 347 nt (from nucleotide 567 to 221 in reverse) to intron sequences in the *gro*EL gene of *Rhodomonas* sp. CCMP1178 (GenBank EU305621). In the case of *orf*252, which is located between the *rpl*27 and *rbc*R genes in four species and is 252 amino acids long in *G. theta*, it is only 77 amino acids in *Storeatula* sp. CCMP1868, and 290 amino acids in *Ch. placoidea* and *Ch. mesostigmatica* ([fig. 1*D*](#evx123-F1){ref-type="fig"}). These ORFs were located at the same position ([fig. 1*D*](#evx123-F1){ref-type="fig"}) but with different amino acid compositions. The *ycf*20 gene is located between *cpe*B and *psb*A in *Ch. placoidea, Ch. mesostigmatica, Storeatula* sp. CCMP1868 and *G. theta*, but in *Cr. paramecium* the gene is between *rpl*12 and *sec*A ([fig. 1*E*](#evx123-F1){ref-type="fig"}). The *ycf*26 gene (uncharacterized sensor-like histidine kinase) is located between the *chl*I-*trn*R-*trn*V and *trn*T-*rps*4 gene clusters in *Ch. placoidea*, *Ch. mesostigmatica, Storeatula* sp. CCMP1868, *R. salina* and *T. amphioxeia* ([fig. 1*F*](#evx123-F1){ref-type="fig"}). Taken together, these gene loses and intron insertions suggest independent evolutionary events in each algal plastid genome.

Phylogenetic Relationships among Major Red-Algal-Derived Plastids
-----------------------------------------------------------------

Phylogenomic analyses were done using a concatenated data set of 88 proteins encoded on 56 complete plastid genomes from alveolates, cryptophytes, haptophytes, and stramenopiles with 7 outgroup species (i.e., 6 Viridiplantae and 1 glaucophyte). The sequences of dinoflagellates were not included in this analysis due to the limited number of plastid-encoded genes on the distinctive mini-circular chromosomes in these species ([@evx123-B91]; [@evx123-B37]). An ML tree was reconstructed using 16,878 amino acids ([fig. 3](#evx123-F3){ref-type="fig"}) and a Bayesian tree was inferred from nucleotide sequences using the RNA operon (16S-*trn*A-*trn*I-23S, [supplementary fig. S13](#sup13){ref-type="supplementary-material"}, Supplementary Material online). A monophyletic cryptophyte clade was found to be strongly supported (MLB = 100%), and internal relationships among the species were also well resolved. The ML phylogeny using plastid genome data clearly shows that the brown-colored *Cryptomonas curvata* and the colorless *Cryptomonas parmecium* form a monophyletic group that is sister to the remaining taxa, whereas the two blue-green *Chroomonas* species were separated from four red-colored taxa (i.e., *Storeatula*, *Rhodomonas*, *Teleaulax*, and *Guillardia*) ([fig. 3](#evx123-F3){ref-type="fig"}). Although our taxon sampling is limited, the phylogenomic analysis is consistent with published taxon-rich, single gene analyses of nuclear SSU rDNA, that recover three groups of phycoerythrin bearing red-colored cryptophyte species (I; *Teleaulax*, *Geminigera*, *Plagioselmis*, II; *Hanusia*, *Guillardia*, and III; *Rhodomonas*, *Storeatula*, *Proteomonas*) ([@evx123-B17]; [@evx123-B36]). Based on this grouping, group I (*Teleaulax*) and II (*Guillardia*) are separated from group III (*Rhodomonas* and *Storeatula*) in our tree with strong bootstrap support values. Because single gene phylogenies typically show low support (ca. 60% bootstrap) for the deepest branches (e.g., [@evx123-B17]; [@evx123-B36]), plastid genome data from a broader sampling of taxa will be needed to better resolve internal cryptophyte relationships.

![---Phylogenetic tree of cryptophyte plastids and those of other photosynthetic eukaryotes. This tree was constructed using a data set of 88 concatenated proteins (16,878 amino acids). The numbers on each node represent RAxML bootstrap values (left) and ultrafast bootstrap approximation (UFBoot) using IQ-Tree (right). The scale bar indicates the number of substitutions/site.](evx123f3){#evx123-F3}

The plastid genome phylogeny shows a strong monophyletic relationship of cryptophytes and haptophytes (MLB = 100/100%), which together, form a sister group relationship with the stramenopiles and alveolates (MLB = 80/86%). Two alveolate species (*Chromera vella* and *Vitrella brassicaformis*) are positioned inside of the stramenopiles that form a clade with two eustigmatophycean taxa (*Nannochloropsis* and *Trachydiscus*) and one chrysophycean species (*Ochromonas* sp.), consistent with previous results ([@evx123-B71]). When we performed phylogenetic analysis of plastid rRNA sequence data, the cryptophytes grouped together with the haptophyte and rappemonad lineages (pp = 0.99, MLB = 66%, [supplementary fig. S13](#sup13){ref-type="supplementary-material"}, Supplementary Material online and [@evx123-B46]). As seen in earlier multigene analyses (e.g., [@evx123-B88]; [@evx123-B89]), the monophyletic clade of chlorophyll-*c* containing lineages (cryptophytes/haptophytes/alveolates/stramenopiles) clustered together with one red algal subphylum, Rhodophytina (MLB = 93%), that is evolutionarily distinct from the early diverging Cyanidiophytina ([@evx123-B90]). This result suggests that the red algal secondary endosymbiosis occurred after the divergence of the cyanidiophycean lineage ([@evx123-B45]; [@evx123-B19]; [@evx123-B41]; [@evx123-B47]; [@evx123-B71]; [@evx123-B61]).

Based on the monophyletic relationship of chlorophyll-*c* containing groups and red algal plastids, the hypothesis of a single red alga-derived secondary endosymbiosis has been widely adopted ([@evx123-B79]; [@evx123-B88]; [@evx123-B89]; [@evx123-B7], [@evx123-B6]; [@evx123-B43]; [@evx123-B3]; [@evx123-B2]; [@evx123-B47]). However, recent studies using nuclear genome data suggest the existence of multiple secondary and serial endosymbioses ([@evx123-B4]; [@evx123-B10], [@evx123-B9]; [@evx123-B77]). Our plastid genome-based phylogeny was compared with a previously published phylogeny using 250 nuclear genes ([fig. 4](#evx123-F4){ref-type="fig"}; [@evx123-B9]). In our plastid genome tree, the monophyly of chlorophyll-*c* groups and Rhodophytina ([@evx123-B90]) supports the single secondary endosymbiosis scenario, whereby an ancestor of chlorophyll-*c* containing groups engulfed a red alga (event marked with "S" in the red arrow, [fig. 4*A*](#evx123-F4){ref-type="fig"}). Within these lineages, the cryptophytes and haptophytes consistently cluster together as close relatives, which is a relationship supported by the presence of a unique bacterium-derived *rpl*36 gene in their plastid genomes ([@evx123-B68]). However, in recently published nuclear genome-based multi-gene phylogenies (which are far more controversial due to the poor resolution of protist relationships; e.g., [@evx123-B9]), cryptophytes and haptophytes appear to be distantly related to each other. The former is apparently associated with Archaeplastida, whereas the latter is sister to the SAR lineage (stramenopiles, alveolates, and Rhizaria) and their nonphotosynthetic relatives ([fig. 4*B*](#evx123-F4){ref-type="fig"}, [@evx123-B4]; [@evx123-B10][@evx123-B9]). Although the clade of haptophytes + SAR + other relatives is supported only by Bayesian analysis (see [@evx123-B9]), if true, the independent origin of the cryptophyte plastid from other chlorophyll-*c* containing groups is a possible conclusion. Because the nonphotosynthetic relatives (i.e., Centrohelida, Rhizaria, and Telonemia) are intermingled with the haptophytes and stramenopiles/alveolates, two independent origins of plastids in the ancestors of cryptophytes and haptophytes + stramenopiles + relatives (events marked with "B" in the green arrows, [fig. 4*B*](#evx123-F4){ref-type="fig"}), or three independent origins only for the plastid-containing groups of cryptophytes, haptophytes, and stramenopiles (events marked with "C" in the blue arrows) are theoretically possible. These multiple independent secondary endosymbioses, however, are difficult to explain because all chlorophyll-*c* containing lineages share a unique protein import machinery referred to as SELMA \[symbiont-specific ERAD (endoplasmic reticulum associated degradation)-like machinery\] (see [@evx123-B92] and references therein). SELMA is a multi-protein system that is integrated in the second outermost plastid membrane (i.e., inner face of the host ER membrane). Because SELMA genes are encoded in the nucleomorph (the former red algal nucleus) of cryptophytes and are homologous to genes in other chlorophyll-*c* containing lineages ([@evx123-B92]), this result provides strong evidence in support of a single red algal secondary endosymbiosis as depicted in [figure 4*A*](#evx123-F4){ref-type="fig"}. If two or three independent secondary endosymbioses from closely related red algal species are posited, then there must have been independent origins of the SELMA system, as shown in the nuclear gene tree (cases B and C, [fig. 4*B*](#evx123-F4){ref-type="fig"}), which seems highly unlikely.

![---Secondary endosymbiotic origin of red alga-derived plastids and the nuclear multigene tree of eukaryotes. (*A*) The plastid-genome based tree of algae with the red arrow (marked with "S") showing the putative single origin of the red alga-derived plastid in chlorophyll-*c* containing algae. (*B*) The nuclear multigene tree of life showing the putative relationships of chlorophyll-*c* containing algae in the context of nonphotosynthetic lineages. A possible explanation for the conflict in topology between the plastid and nuclear gene trees is that there were multiple independent red algal secondary endosymbioses in the photosynthetic lineages (either two events \[marked with "B" and green arrows\] or three events \[marked with "C" and blue arrows\]). A more likely scenario is that there was a single red algal secondary endosymbiosis (perhaps in the cryptophyte ancestor), followed by serial eukaryotic endosymbioses involving chlorophyll-*c* lineages that spread the plastid to other groups (marked with "Se" and magenta arrows).](evx123f4){#evx123-F4}

The discrepancy between the plastid ([fig. 4*A*](#evx123-F4){ref-type="fig"}) and nuclear tree ([fig. 4*B*](#evx123-F4){ref-type="fig"}) may therefore be explained by serial endosymbioses. For example, the red algal endosymbiont could have become a secondary plastid with the SELMA machinery in an ancestor of chlorophyll-*c* containing algae. This could have been followed by tertiary (e.g., involving engulfment of the initial red algal plastid host) and/or quaternary endosymbioses in different host(s) (events marked with "Se" in the magenta arrows in [figure 4*B*](#evx123-F4){ref-type="fig"}, see also [@evx123-B28]). Apart from the well-supported cryptophyte--haptophyte monophyly in plastid phylogenies, [@evx123-B77] suggested a model of serial plastid endosymbioses based on linear regression analysis of genome data from chlorophyll-*c* containing groups; i.e., that the ancestor of modern-day cryptophytes engulfed a red alga, whose plastid was subsequently transferred to the ancestor of photosynthetic stramenopiles by tertiary endosymbiosis, and perhaps finally to haptophytes by quaternary endosymbiosis ([fig. 4*B*](#evx123-F4){ref-type="fig"}). Taken together, our results suggest that secondary endosymbiosis occurred a single time, involving a Rhodophytina donor, and then this plastid and its associated machinery were spread to different lineages through additional rounds of eukaryotic endosymbiosis. This hypothesis is of course tentative and awaits a better resolved host tree of eukaryotes. This could be precipitated by greater taxon sampling and a better understanding of how EGT, HGT, and other forces that bias gene-based trees may have (or not) impacted the topologies produced thus far.

Conclusions
===========

We have sequenced four cryptophyte plastid genomes with a wide range of plastid pigmentation: the red-colored *Storeatula* sp. CCMP1868, the blue-green *Chroomonas placoidea* and *Ch. mesostigmatica*, and the brown *Cryptomonas curvata*. These newly sequenced genomes increase the breadth of data available from algae and will aid in the identification of general trends in organellar genome evolution, particularly in organisms with red-algal derived plastids. Within cryptophytes, most of the genomes are highly conserved with respect to genome structure and coding capacity, however, lineage specific gene content (e.g., *dna*X, *chl*B/L/N) was identified. In addition, examples of lineage-specific gene losses and intron insertions were found for 18 genes (*dna*B, *dna*K, *dna*X, *gro*EL, *fts*H, *hlp*A, *min*D, *min*E, *chl*B/L/N, *ftr*B, *pet*G, *psb*N, *orf*27, *orf*252, *ycf*20, and *ycf*26). The distribution patterns of these genes suggest independent HGT events and/or intra-genomic transfers during the evolutionary history of these ecologically important algae.
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[^1]: [Note]{.smallcaps}.---(a) present as pseudogene. LIPOR; the light-independent protochlorophyllide oxidoreductases gene in plastid genome.
